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Polyphosphoinositides are lipid signaling molecules
generated from phosphatidylinositol (PtdIns) with
critical roles in vesicular trafficking and signaling. It
is poorly understood where PtdIns is located within
cells and how it moves around between membranes.
Here we identify a hitherto-unrecognized highly
mobile membrane compartment as the site of PtdIns
synthesis and a likely source of PtdIns of all mem-
branes. We show that the PtdIns-synthesizing
enzyme PIS associates with a rapidly moving com-
partment of ER origin that makes ample contacts
with other membranes. In contrast, CDP-diacylgly-
cerol synthases that provide PIS with its substrate
reside in the tubular ER. Expression of a PtdIns-
specific bacterial PLC generates diacylglycerol also
in rapidly moving cytoplasmic objects. We propose
a model in which PtdIns is synthesized in a highly
mobile lipid distribution platform and is delivered
to other membranes during multiple contacts by
yet-to-be-defined lipid transfer mechanisms.
INTRODUCTION
Polyphosphoinositides (PPIs) are phosphorylated forms of
phosphatidylinositol (PtdIns) formed by a variety of PI and PIP
kinases in eukaryotic cells. These minute amounts of phospho-
lipids have gained enormous interest because of their pivotal
roles in regulating virtually every cellular process within eukary-
otic cells. These lipids first rose to prominence as precursors
of important second messengers, generated upon stimulation
of certain groups of cell surface receptors (Michell, 1975).
However, PPIs have proven to be more versatile in that they
also regulate ion channels and transporters, they control
membrane fusion and fission events and hence are master regu-
lators of vesicular transport, secretion, and endocytosis, and
they also play key roles in lipid transport and disposition (Balla
et al., 2009).
Significant progress has beenmade in identifying the enzymes
that produce and eliminate PPIs and characterizing their biology
(Sasaki et al., 2009). The distribution and dynamics of PPIsDevelopmechanges in different membrane compartments have been deter-
mined with antibodies or PPI binding protein modules used
as GFP fusion proteins in live or fixed cells (Downes et al.,
2005; Halet, 2005). Similar progress has not beenmade in under-
standing the localization, movements, and importance of the
PtdIns lipid pools. PtdIns is, of course, the precursor of all PPIs
but also is a structural phospholipid. Our current knowledge on
PtdIns synthesis and distribution originates from pioneering
studies that used cell fractionation and metabolic labeling to
identify the ER as the site of PtdIns synthesis (Agranoff et al.,
1958) and the plasma membrane (PM) where PtdIns is sequen-
tially phosphorylated to PtdIns 4-phosphate (PtdIns4P) and
PtdIns 4,5-bisphosphate [PtdIns(4,5)P2] (Hokin and Hokin,
1964; Michell et al., 1967). Early studies by the Hokins (Hokin
and Hokin, 1955) showed that receptor-mediated hydrolysis of
phosphoinositides increases the metabolic labeling of PtdIns,
and, based on several subsequent studies (for review, see Mi-
chell, 1975), it has always been assumed that there is a special
fraction of PtdIns synthesis that responds to increased phos-
phoinositide hydrolysis and is dedicated to the replenishment
of the PM signaling pools.
Attempts to identify a special compartment where the in-
creased PtdIns resynthesis takes place have largely been unsuc-
cessful (De Camilli and Meldolesi, 1974; Lapetina and Michell,
1972), leading to conclusions that PtdIns very rapidly equili-
brates between various membranes possibly with the aid of
PI-transfer proteins (PITPs) (Cockcroft and Carvou, 2007).
However, the functions of PITPs appear to be more complex
than mere lipid distribution and membrane-specific roles as-
signed to specific molecular pathways such as presenting the
PtdIns substrate to PI kinases have been emerging (Cockcroft
and Garner, 2011; Ile et al., 2006). Also, because of the tight
connection between phosphoinositide hydrolysis and PtdIns
resynthesis during agonist stimulation, the question was repeat-
edly raised whether PtdIns is also synthesized in the PM (Imai
and Gershengorn, 1987; Monaco et al., 2006) or some other
membrane compartment such as endosomes (Sillence and
Downes, 1993). However, no systematic study has attempted
to map the PtdIns pools in unfractionated intact cells.
Similarly, few studies addressed the functional significance of
PtdIns pools in the various membrane compartments, because
of the difficulty to alter the overall PtdIns levels in living cells,
let alone within various membrane compartments. Lithium ions
in combination with strong phospholipase C (PLC)-coupled
receptor stimulation have been shown to deplete PtdIns poolsntal Cell 21, 813–824, November 15, 2011 ª2011 Elsevier Inc. 813
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and Downes, 1994; Jenkinson et al., 1994). Although thismethod
has been successfully applied to invertebrates (Acharya et al.,
1998), especially in the retina where the light-induced PtdIns
turnover is extremely robust (Wu et al., 1995), it has been difficult
to drive down PtdIns pools with Li+ treatment in vertebrates.
However, two recent studies identified disrupted or mutated
PtdIns synthase (PIS) genes causing ER stress and steatosis in
the liver and eye developmental defects in zebrafish (Murphy
et al., 2011; Thakur et al., 2011). In the present study, we set
out to perform a comprehensive analysis of the cellular PtdIns
pools and their functional significance in living cells with a combi-
nation of approaches. First, we determined the localization of
the PtdIns-synthesizing machinery with GFP-tagged PIS and
cytidine diphosphate-diacylglycerol (CDP-DAG) synthase
(CDS) enzymes. We then employed a PtdIns-specific bacterial
PLC enzyme that does not hydrolyze PPIs and targeted this
enzyme to various membrane compartments. We monitored
the produced DAG by a sensitive DAG sensor fused to GFP
and also followed PtdIns3P, PtdIns4P, and PtdIns(4,5)P2 by
GFP-fused FYVE or PH domains. We determined the impact of
PI-PLC expression on the sizes of the PtdIns pools using long-
term labeling with myo-[3H]inositol and assessed their effects
on the turnover rate by shorter 32P-phosphate incorporation
experiments. These analyses identified a highly mobile special
subcompartment of the ER as the site of PtdIns synthesis and
distribution. These studies open new possibilities to better
understand the process of PtdIns synthesis and its supply to
other membrane compartments.
RESULTS
Combination of a Bacterial PtdIns-Specific PLC
and a Sensitive DAG Sensor Reveals Unexpected
Localization of PtdIns Pools in Living Cells
Phospholipase C enzymes isolated from a variety of bacteria
specifically hydrolyze PtdIns or PtdIns-glycan (GPI) linkages
without acting on PPIs, both in vitro and in vivo (Griffith and
Ryan, 1999). To take advantage of this substrate restriction,
we used a bacterial PI-PLC for expression in mammalian cells
to specifically manipulate PtdIns levels. The Listeria monocyto-
genes PLC has substantial activity against PtdIns in addition to
its natural substrate, GPI (Wei et al., 2005). We cloned this
enzyme from Listeria monocytogenes (strain 10403S), removed
its N-terminal hydrophobic signal sequence to prevent its target-
ing to the secretory pathway, and fused it to mRFP. A catalyti-
cally inactive mutant form (H86A) was also produced (using
strain DP-L3430) to serve as a negative control (Bannam and
Goldfine, 1999).
To capture the PtdIns hydrolytic product, DAG, we created a
high-affinity DAG sensor using the tandem C1 domains (C1ab)
of PKD fused to the C terminus of GFP. A nuclear export signal
was added to the N terminus of the probe to decrease its nuclear
accumulation. This sensor was more sensitive than the C1a
domain of PKCg (Oancea et al., 1998) generally used for DAG
detection. In quiescent cells, it was mostly found in the cyto-
plasm with a faint signal in PM and Golgi membranes and
some remaining signal in the nucleus (Figure 1A). However, it
readily detected DAG after activation of endogenous PLC by814 Developmental Cell 21, 813–824, November 15, 2011 ª2011 Elsangiotensin II (AngII) stimulation in HEK293 cells expressing
the AT1a receptors (HEK293-AT1) (seeMovie S1 and Figure S1A
available online). The sensor also responded to addition of
recombinant PI-PLC externally (which cleaves GPI linkages on
the outside and the DAG flips to appear in the inner leaflet), or
to exogenous delivery of di-C8-DAG or PMA (Figures S1B–
S1D). When the DAG sensor was expressed together with
PI-PLC enzyme (both in HEK293-AT1 and COS-7 cells), a huge
number of tiny and very rapidly moving particles appeared in
the cytoplasm attracting the DAG sensor but not PLC itself
(Figure 1A and Movie S2). The rapid movement of these DAG-
positive structures showed up as zigzagging traces mostly in
areas between the tubular ER (labeled with an ER-targeted
mRFP using the C-terminal Sac1 sequence) when using slower
double scan mode in the confocal microscope (Figure 1B).
Expression of the lipase defective mutant of PI-PLC (H86A) did
not produce such particles (Figure 1A). Similarly, a mutant
DAG sensor (W166A) (this highly conserved Trp has a major
impact on DAG affinity of C1 domains; Dries et al., 2007) that
showed significantly reduced diC8-DAG sensitivity (Figure S1F)
did not efficiently detect the rapidly moving particles (Figure 1A).
Isotope labeling experiments were then performed in HEK293-
AT1 cells to verify the effects of expressed PI-PLC on PtdIns
hydrolysis. Since PI-PLC activity generates DAG, which is
rapidly converted to phosphatidic acid (PtdOH), DAG production
is associated with an increase in 32P incorporation into PtdOH.
As shown in Figure 1C, cells expressing PI-PLC showed signifi-
cantly increased PtdOH radioactivity compared to controls ex-
pressing either mRFP or the mutant PI-PLC. Longer labeling
(24 hr) with myo-[3H]inositol, on the other hand, showed that
PtdIns levels were only moderately reduced by the expressed
bacterial enzyme (Figure 1C). These results suggested that, in
cells expressing PI-PLC, a significant fraction of the PtdIns
pool is associated with highly mobile cytoplasmic particles.
PtdIns Synthesis Is Localized to a Unique Compartment
PtdIns synthesis involves the conjugation of myo-inositol with
CDP-DAG by a single PIS enzyme that has been previously
identified (Nikawa and Yamashita, 1997; Tanaka et al., 1996).
To determine the intracellular distribution of PIS, the enzyme
was tagged at its C terminus with GFP and expressed in
HEK293-AT1 or COS-7 cells. Strikingly, PIS was not only found
in ER tubules and in the central perinuclear ER-Golgi region,
but was particularly enriched in rapidly moving mobile structures
reminiscent of vesicles (Figure 2A and Movie S3). These struc-
tures showed no colocalization with any of the known endomem-
brane markers, such as lysosomes, peroxisomes, early or late
endosomes, or mitochondria, although they did make ample
contacts with these organelles (Figure S2A). Also, these PIS vesi-
cles showed no colocalization with lipid droplets induced by
oleic acid treatment and visualized with mCherry-Tip47 (Fig-
ure S2A). Although PIS was also detectable in the tubular ER,
an ER-targeted mRFP was not associated with the PIS-positive
moving objects (Figure 2B) and several other ER markers (type-I
IP3R, STIM1, calreticulin signal-sequence with ER retention
signal) also did not appear in the PIS-positive mobile structures
(data not shown).
Next, we performed density gradient centrifugation of mem-
branes prepared from COS-7 cells expressing either PIS-GFPevier Inc.
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Figure 1. Association of the DAG Sensor with Small Mobile Structures after PI-PLC Expression in the Cytoplasm
(A) COS-7 cells were transfected with wild-type or mutant GFP-PKD C1ab alone or together with either mRFP-PI-PLC or its lipase mutant H86L (also see
Figure S1 and Movie S1).
(B) Relationship of the DAG-positive structures to the ER. COS-7 cells were cotransfected with CFP-PI-PLC, GFP-PKD C1ab, and mRFP-ER using the Sac1
C-terminal ER localization signal. Enlarged images are shown in the lower panels. The zigzagging traces correspond to very rapid movements during scanning in
confocal microscopy. Scale bars, 10 mm.
(C) HEK293-AT1 cells were transfected with mRFP only or mRFP-PI-PLC and labeled with [32P]phosphate for the last 3 hr of the one day transfection or
myo-[3H]inositol for 24 hr as described under Experimental Procedures. Labeled lipids were extracted, separated by TLC, and quantified by a PhosphorImager for
[32P] phosphate labeling or by densitometry of exposed films in case of myo-[3H]inositol-labeled samples. Error bars indicate SEM (from four independent
experiments, each performed in duplicates).
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A Phosphatidylinositol-Synthesizing Organelleor PIS tagged with a HA-tag at the C terminus on a 10%–25%
continuous OPTIPREP gradient. The endogenous ER marker,
calnexin as well as the expressed PIS enzymes showed a wide
distribution along this shallow gradient. However, there was an
enrichment of PIS in the lighter membrane fractions relative to
the ER marker and these fractions were where EEA1 was also
detected (Figure 2C). Remarkably, the PIS enzymatic activityDevelopmewas mostly associated with the protein found in the lighter
membranes. These results were in good agreement with pre-
vious fractionation data (Imai and Gershengorn, 1987; Sillence
and Downes, 1993) showing high PIS activity in membrane
fractions separable from ER membranes.
GFP-tagged PIS was also found catalytically active by
in vitro PIS assays in membranes prepared from COS-7 cellsntal Cell 21, 813–824, November 15, 2011 ª2011 Elsevier Inc. 815
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Figure 2. Cellular Distribution of PIS-GFP
(A) COS-7 cells were transfected with human PIS-fused
at its C terminus with GFP and imaged after 24 hr with
confocal microscopy. PIS-GFP was localized to the
central perinuclear ER and peripheral ER tubules. In
addition, note the rapidly moving PIS-positive structures
that show up as zigzagging traces on the higher magnifi-
cation scans (A, right, see also Figure S2 and Movie S3).
(B) Relationship of the PIS-positive structures to the ER.
COS-7 cells were transfected with PIS-GFP and mRFP-
ER. Confocal images show that the mobile structures
containing PIS molecule do not contain the ER marker,
mRFP-ER. Scale bars, 10 mm.
(C) Density gradient separation of membranes. COS-7
cells were transfected with PIS-HA and broken cell
membranes were separated on a 10 ml OPTIPREP
10%–25% gradient by overnight ultracentrifugation. The
distributions of selectedmarkers are shown along with PIS
activity measurements from the top 0.5 ml fractions (0–13
of 20). (Fraction ‘‘0’’ is the last 0.5 ml of the sample on top
of the gradient proper).
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A Phosphatidylinositol-Synthesizing Organelletransfected with untagged PIS or the PIS-GFP (Figure 3A). To
determine whether a catalytically inactive mutant PIS would
change its cellular localization, we mutated residue His105 to
either Gln or Tyr. The corresponding His mutations of the yeast
PIS enzyme rendered the enzyme catalytically inactive (Kumano
and Nikawa, 1995). Interestingly, the Gln- but not the Tyr muta-
tion allowed the yeast to grow in the presence of high inositol
(Kumano and Nikawa, 1995; Nikawa and Yamashita, 1982). As
shown in Figure 3A, both of thesemutant PIS enzymeswas cata-
lytically inactive in our PIS assay. Importantly, neither of these
mutant forms could be found in mobile vesicles (Figure 3B).
Occasional small clusters of the mutant enzymes could be
observed along the ER tubules in a few cells but they did not
move or separated from the ER tubules. Although it is not known
how these mutations affect the enzyme structurally, these data816 Developmental Cell 21, 813–824, November 15, 2011 ª2011 Elsevier Inc.suggest a connection between the activity
and sorting of the enzyme to the mobile
compartment. RNAi-mediated downregulation
of endogenous PIS significantly reduced the
level of myo-[3H]-inositol-labeled PtdIns with
concomitant decreases in PtdIns4P and
PtdIns(4,5)P2 (Figure 3C). However, overexpres-
sion of PIS or CDS2 did not enhance the labeling
of PtdIns with either [3H]-inositol or 32P-phos-
phate (data not shown) in agreement with earlier
reports (Lykidis et al., 1997).
The unique distribution of PIS prompted us to
investigate the localization of the two mamma-
lian CDS enzymes (Halford et al., 1998; Heacock
et al., 1996) that supply the substrate for PIS.
Both of these proteins were tagged with GFP
at their C termini and were found associated
with the ER, mostly with the nuclear envelope
and the peripheral ER tubules (Figure 4A).
Importantly, we could not detect any of the
two CDS enzymes on the PIS-positive dynamic
structures (Figure 4B). These data confirmed
that the ER is an important part of CDP-DAGproduction but also indicated a higher complexity of PtdIns
synthesis with prominent differences between the localization
of the CDS and PIS enzymes. However, we could not completely
rule out that some CDS enzyme, undetectable by our methods,
can be present in the mobile compartment.
The PIS-Positive Mobile Pool Is Derived from the ER
Tracking of the rapidly moving small PIS objects showed move-
ments along and between the tubular ER with multiple contacts
with the latter (Figure 4C and Movie S4). Some of the time-lapse
images showed that these small PIS-positive objects were
tethered to growing ER tubules (Figure 4C, lower). To investigate
whether they originated from the ER, we generated a PIS protein
tagged with the photoactivable green fluorescent protein (PA-
GFP) (Patterson and Lippincott-Schwartz, 2002). Due to the
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Figure 3. Relationship between PIS Activity and
Localization and Effects of PIS Knockdown on
Cellular Phosphoinositide Levels
(A) Crude membranes prepared from COS-7 cells ex-
pressing either an empty vector, the untagged PIS or
PIS-GFP or its mutants (H105Y and H105Q) were assayed
for PtdIns synthase activity as described in Experimental
Procedures. The incorporation of myo-[3H]inositol into
PtdIns using CDP-DAG as a substrate was significantly
increased in cells transfected with either forms ofwild-type
PIS but not the mutant enzymes. The result of a repre-
sentative experiment is shown performed in duplicates.
The inset on the right shows equal expression of the wild-
type and mutant PIS-GFP proteins.
(B) Cellular localization of mutant PIS-GFP enzymes
(H105Y and H105Q) expressed in COS-7 cells. Note the
lack of the mobile PIS-positive structures.
(C) HEK293-AT1 cells were treated with control siRNA or
PIS siRNA for 3 days and labeled withmyo-[3H]inositol for
24 hr as described in Experimental Procedures. Labeled
lipids were extracted from the cell pellets, separated
by TLC, and analyzed by densitometry of exposed films.
Error bars indicate SEM (from three independent experi-
ments, each performed in duplicates). In other experi-
ments where the separated lipids were eluted and counted
with a scintillation counter, the labeling of PtdIns4P and
PtdIns(4,5)P2 were 6 and 4%, respectively, of that of
PtdIns.
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A Phosphatidylinositol-Synthesizing Organellehighly mobile and dynamic nature of the tubular ER network, we
chose the relatively more static and well-defined nuclear enve-
lope as a site of photoactivation. As shown in Figure 4D, small
rapidly moving PIS-positive objects became visible very rapidly
after repeated photoactivation of a small segment of the nuclear
envelope. At the same time, the signal was also diffusing along
the nuclear membrane (see also Movie S5).
To determine whether the emergence of these structures from
the ER is linked to ER exit sites, we performed colocalization
experiments with Sec31, which marks this compartment.
However, we found no significant colocalization between PIS-
GFP and endogenous Sec31 (Figure S2B). Next, we determined
whether interfering with the small GTPase protein, Sar1, a known
regulator of numerous ER-originated membrane remodeling
events (Donaldson and Jackson, 2011) affects the formation of
the PIS-positive structures. As shown in Figure 5A, expression
of the GTP-locked mutant form of Sar1(H79G), tagged with
mRFP and HA-tags at the N terminus, completely eliminated
the PIS-positive mobile compartment and kept PIS associated
only with the tubular ER (Figure 5A). Interestingly, the GDP-
locked form of Sar1(T39N) was less effective in preventing the
formation of themoving vesicles, although it also greatly reducedDevelopmental Cell 21, 813–the number of such objects and the cells
showing them (Figure 5A). Gradient fraction-
ation performed on cells expressing PIS-HA
with Sar1(H79G) showed that the PIS activity
of light fractions was greatly reduced and the
protein was mostly present in the ER-positive
heavier fractions (Figure 5B). These data indi-
cated that the light membrane fractions showing
the highest PIS activity corresponded to the
mobile compartment and that these objectsemerged from the ER membranous network with a Sar1-depen-
dent mechanism.
To investigate whether the dynamic PIS membranes might
represent transport vesiclesbetween theERand theGolgi,weper-
formed additional photoactivation experiments with PIS-PA-GFP
and a redGolgi marker (mKO-GalT). As shown inMovieS6, photo-
activation of PIS outside the Golgi region highlighted the highly
mobilePISstructures,but thesedidnot fusewithGolgimembranes
or increased the fluorescence associated with the Golgi compart-
ment. This finding indicated that the dynamic PIS pool was not
a transport intermediate between the ER and the Golgi.
Since PtdIns is present in the PM and the question of whether
PtdIns synthesis also takes place in the PM has been repeatedly
raised, we also examined the relationship between the PIS-posi-
tive structures and the ER-PM contact zones. These junctional
zones were visualized with the STIM1 protein in COS-7 cells
(Lewis, 2007). As shown in Figure S3, the PIS-positive particles
did make repeated contacts with the STIM1-positive junctional
zones (also see Movie S7), but they were not particularly associ-
ated with or enriched in these areas (examples of both smaller
and larger junctional areas are shown in Figure S3 upper and
lower panels, respectively).824, November 15, 2011 ª2011 Elsevier Inc. 817
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Figure 4. Cellular Localization of CDS Enzymes
and the Origin and Movements of PIS-Positive
Mobile Structures
(A) COS-7 cells were transfected with human CDS1 or
CDS2-fused at their C termini with GFP and imaged after
24 hr with confocal microscopy. Both CDS-GFPs were
distributed at perinuclear and tubular regions of the ER.
(B) PIS-mRFP and CDS2-GFP were coexpressed in
COS-7 cells and their images showed that the PIS-positive
mobile structures did not contain CDS2 molecules.
(C) Tracking the movements of selected PIS-positive
mobile objects from a time-lapse recording of COS-7 cells
expressing PIS-GFP. The MetaMorph software was used
to follow the movements of individual objects shown by
different colors (Movie S4). Selected frames from a series
of time-lapse images from PIS-GFP expressing COS-7
cells (lower panels). Here, the PISmobile objects appear to
remain attached to ER tubules as the latter were extend-
ing. These images were processed using the basic filters
function of the MetaMorph software (low pass, 10 pixels)
to decrease noise. Arrowheads point to the growing ER
tubule.
(D) COS-7 cells were cotransfected with mRFP-ER and
PIS-tagged with photoactivable GFP (PIS-PA-GFP). The
small region of the nuclear envelope, outlined with green
line, was repeatedly photoactivated by 405 nm laser and
the images were taken at the indicated times (see also
Movie S5). Note that PIS-positive mobile objects became
visible after photoactivating only the small region of the
nuclear envelope (lower panels).
See also Figure S3 and Movie S7 for localization of PIS
relative to PM-ER contact zones andMovies S6 and S8 for
analysis of the relationship between PIS membranes and
Golgi and PM, respectively.
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tive structures fused with the PM. This was analyzed by TIRF
microscopy. The static picture shown in Figure S3B only demon-
strates close contact between the PIS-positive objects and the
PM, but Movie S8 shows the kinetics of these movements.
Fusion events can be detected in TIRF microscopy as the fluo-
rescence of the fusing object diffuses away from the site of
contacts. This is in contrast to the appearance and disappear-
ance of objects as they move to and from the PM without fusion
(Ma et al., 2004). Thorough analysis of several TIRF recordings
failed to detect any fusion events while the PIS-positive objects
made ample contacts with the PM (Movie S8). However, we
cannot rule out the existence of ‘‘kiss and run’’ events that could
easily mediate lipid transfer from this organelle to the PM.
Depleting PtdIns Pools with Targeted PI-PLC Enzymes
Next, we investigated the effects of targeted PtdIns depletion on
the levels of PtdIns and the other phosphoinositides.We targeted
PI-PLC to the ER outer surface by adding the short ER targeting818 Developmental Cell 21, 813–824, November 15, 2011 ª2011 Elsevier Inc.sequence of Sac1 (Va´rnai et al., 2007). To target
the enzyme to the PM, we added the Lyn
N-terminal PM targeting sequence (Inoue et al.,
2005) to its N terminus (Figure 6A). We coex-
pressed the DAG sensor to determine its distri-
bution during these manipulations. Cells were
also labeled with myo-[3H]inositol (24 hr) or with
32P-phosphate (3 hr) to analyze the size and turnover of the PI
pools. These experiments showed that PtdIns pools can be effi-
ciently depleted and turned over by targeting PI-PLC to either the
ER or the PM as indicated by the large increase in 32P-labeling of
PtdOH (Figure 6B). Membrane targeted PI-PLC also evoked
a substantial decrease in myo-[3H]inositol-labeled PtdIns (Fig-
ure 6C). These data suggested that the PtdIns pools can be
drained both via the ER and the PM, consistent with the move-
ment of the lipid between these membranes. When we looked
at the localization of the DAG sensor under these conditions, it
did not show ER localization even under conditions when the
PI-PLC was targeted to the ER but DAG could be detected in
the PM when PI-PLC was PM-targeted (Figure 6A). Notably, the
number of small DAG-positive motile particles in the cytoplasm
was greatly reduced in cells expressing either the ER- or PM-tar-
geted PI-PLC (Figure 6A).
Although expression of cytoplasmic PI-PLC had the smallest
impact on overall PtdIns levels, it already substantially dimin-
ished the endosomal localization of the PtdIns3P reporter,
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Figure 5. Sar1 Activity Is Required for the Generation of the Dynamic
PIS Organelle
(A) COS-7 cells were cotransfected with mRFP-HA-Sar1(H79G) or mRFP-HA-
Sar1(T39N) and PIS-GFP. Simultaneous presence of the Sar1 GTP-locked
mutant (H79G) completely eliminated themobile PIS-positive structures. Sar1-
GDP (T39N) had a similar inhibitory effect but it was not as effective.
(B) Density gradient separation of membranes from COS-7 cells expressing
PIS-HA enzyme with or without Sar1-H79G. Broken cell membranes were
separated on a 10 ml OPTIPREP 10%–25% gradient by overnight ultracen-
trifugation and PIS distribution and PIS enzymatic activity were determined by
western blotting and an enzymatic assay, respectively. The average and range
of two separate experiments are shown.
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A Phosphatidylinositol-Synthesizing OrganelleFYVE domain (Gillooly et al., 2000) and induced enlarged vesi-
cles, especially in cells expressing the FYVE domain (Fig-
ure S4A). (The residual FYVE domain localization to the enlarged
vesicles was resistant to PI 3-kinase inhibition.) Expression of
cytoplasmic PI-PLC also reduced the Golgi localization of
PtdIns4P-recognizing PH domains (FAPP1, OSH1, OSBP) (Fig-
ure S4B). Importantly, none of these effects were observed
when the catalytically inactive H86A mutant PLC was used
(Figures S4A and S4B). Assessment of the PtdIns4P depletion
in myo-[3H]inositol-labeled cells also showed that PtdIns4P
closely followed the myo-[3H]inositol labeling of PtdIns showingDevelopmethe largest decrease when the PI-PLC was targeted to the PM
(Figure S4C). This result indicated that a large fraction of
PtdIns4P is found in the PM in agreement with recent immuno-
staining studies (Hammond et al., 2009), even if most PtdIns4P
live biosensors primarily decorate the Golgi (Balla and Varnai,
2009).
PtdIns(4,5)P2 Changes during Depletion of PtdIns Pools
Next, we assessed the PtdIns(4,5)P2 changes during PtdIns
depletion in the different membrane compartments. Expression
of cytosolic PI-PLC had only a minimal impact (an 10%
decrease) on the level of myo-[3H]inositol-labeled PtdIns(4,5)P2
and it was without a noticeable effect on the PM localization of
the PtdIns(4,5)P2 reporter, PLCd1PH-GFP (Figures 7A and 7B).
Surprisingly, the ER-targeted PI-PLC only minimally affected
the myo-[3H]inositol-labeled PtdIns(4,5)P2 (20% decrease) in
sharp contrast to the 50% decrease in both PtdIns and
PtdIns4P (Figure 7B). Consistent with this finding, the PM local-
ization of the PLCd1PH-GFP was not noticeably affected by the
expression of the ER-targeted PI-PLC (Figure 7A). Massive
PtdIns(4,5)P2 depletion was only achieved through depletion of
PtdIns by the PM-targeted PI-PLC. In this case, the reduction
(50%) was comparable to those in the levels of PtdIns and
PtdIns4P. PtdIns(4,5)P2 depletion in the PM was confirmed by
the greatly reduced or completely lacking PM localization of
the PLCd1PH-GFP (Figures 7A and 7B).
The relative preservation of the PM PtdIns(4,5)P2 pool in cells
expressing the ER targeted PI-PLC raised the possibility that a
significant fraction of ER-PtdIns pool is not used for PtdIns(4,5)P2
synthesis, or that the maintenance of PtdIns(4,5)P2 in the
PM is a priority for the cells and that the remaining PtdIns is di-
verted toward the PM. To test whether the relatively preserved
PtdIns(4,5)P2 levels in cells expressing ER-targeted PI-PLC is still
maintained against an increased PLC activity, we followed
PtdIns(4,5)P2 levels during stimulation with AngII. As shown in
Figure 7C, AngII stimulation rapidly released the PLCd1 PH
domain from the membrane in both the control cells an the cells
expressing the ER-targeted PI-PLC, but the relocalization of
the probe was strongly impaired in cells expressing ER-targeted
PI-PLC. (The smaller increase in the cytoplasmic intensity of
the PH domain probe upon stimulation of the cells expressing
the PI-PLC either in the cytosol or the ER was consistent with
an already reduced PtdIns(4,5)P2 level and hence membrane
localization of the probe before stimulation). PLCd1-PH domain
translocation response was not performed with the PM-targeted
PI-PLC, since it has already mostly eliminated the membrane
localization of this PH domain (Figure 7A). These data collectively
suggested that cells expressing the ER-targeted PI-PLC are able
to maintain their basal PtdIns(4,5)P2 at a slightly reduced level,
but they are unable to resupply this pool during massive
agonist-induced PLC activation.
DISCUSSION
The present experiments were designed to obtain information
on the distribution and dynamics of the cellular PtdIns pools in
living mammalian cells. Since there is no known protein domain
that would specifically recognize PtdIns, we approached this
question from two directions. First, we used a PtdIns-specificntal Cell 21, 813–824, November 15, 2011 ª2011 Elsevier Inc. 819
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Figure 6. Depletion of Different Pools of PtdIns
by Membrane-Targeted PI-PLC Enzymes
(A) The GFP-tagged DAG sensor was expressed with the
cytoplasmic mRFP-tagged PI-PLC (left), its targeted
versions directed to the PM (middle) or the cytoplasmic
surface of the ER (right) in HEK293-AT1 cells. Scale bars,
10 mm.
(B and C) HEK293-AT1 cells were transfected with the
cytoplasmic or membrane targeted versions of PI-PLC
and labeled with [32P]phosphate for 3 hr at the end of one
day transfection ormyo-[3H]inositol for 24 hr as described
in Experimental Procedures. Labeled lipids were extracted
from the cell pellets, separated by TLC, and quantified
either by a PhosphorImager for [32P] phosphate labeling or
densitometry of films for myo-[3H]inositol samples. Error
bars indicate SEM (from four independent experiments,
each performed in duplicates).
Also see Figure S4 for the effects of PtdIns depletion on the
level of [3H]PtdIns4P and distribution of cellular PtdIns4P
and PtdIns3P reporters.
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A Phosphatidylinositol-Synthesizing Organellebacterial PLC to hydrolyze PtdIns and captured the reaction
product, DAG with a sensitive DAG sensor. Second, we used
GFP-tagged enzymes of PtdIns synthesis, PIS, and the CDS1
and 2. Both of these approaches identified highly mobile small
particles in the cytoplasm as the sites of PtdIns synthesis and
the source of DAG when a PtdIns-specific bacterial PI-PLC is
expressed in the cytosol. The PIS-positive membranes originate
from the ER and use an exit pathway that requires the cycling of
the small GTPase Sar1. These organelles have lower density
than the bulk of ER and they contain little if any CDS1/2, the
enzyme that supplies CDP-DAG for PtdIns synthesis.
The relationship between the DAG-positive structures in
PI-PLC-expressing cells and the PIS-positive organelles is not
clear at present. Colocalization studies in live cells were uninfor-
mative because of the speed of movements of these structures
relative to the speed of image acquisition and because fixation
distorted the appearance of DAG-positive particles. The DAG
vesicles are more numerous and many of them are smaller
than the PIS organelles and hence, likely to be at least partially
distinct from the latter. However, this could simply be due to
higher number of DAG sensors being associated with these
objects making their detection more efficient. Nevertheless,820 Developmental Cell 21, 813–824, November 15, 2011 ª2011 Elsevier Inc.the connection between these structures is
strongly indicated by the ability of the ER- or
PM-targeted PI-PLC to decrease the number
of DAG particles. We also cannot rule out the
possibility that the tiny DAG-positive particles
originate from the PIS-positive membranes
formed by the action of the expressed PI-PLC
enzyme.
A few observations suggest that the mobile
fraction of the PIS enzyme is functionally dif-
ferent from the one associated with the tubular
ER. First, the highest specific activity of the
PIS enzyme was associated with light mem-
brane fractions separated from the bulk ER.
Second, a catalytically inactive PIS enzyme did
not get sorted in themobile compartment. Third,membrane fractionation from cells expressing both PIS-HA and
Sar1-H79G, which prevents the formation of the dynamic PIS
pool, greatly reduced the PIS activity associated with the light
membrane fractions. Notably, Imai and Gershengorn (1987)
found significantly higher Km values for myo-inositol and CDP-
DAG for the PIS activity present in the ER membranes than in
the membrane fractions that they attributed to the PM. It is not
unlikely that the PIS in their ‘‘PM’’ fraction corresponded to the
mobile compartment described in the present study. More
studies are needed to understand the functional difference
between the two pools of PIS enzymes.
Although the nature of these objects is still being evaluated,
these findings have altered our views on PtdIns synthesis and
distribution. These dynamic, mobile PtdIns distribution platforms
would represent a very efficient way of making multiple contacts
and deliver PtdIns to the various membranes. Dynamic contact
zones between the ER and PM have been increasingly recog-
nized as special sites for lipid transfer and metabolism (Stefan
et al., 2011). The current findings indicate that a special
PtdIns-rich dynamic organelle potentially multiplies the proba-
bility of making contacts and exchange lipids with a variety of
membranes. A possible way of delivering lipids from the mobile
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Figure 7. Effects of PtdInsDepletion by Expression
of PI-PLC Enzymes on the Plasma Membrane
PtdIns(4,5)P2
(A) The PtdIns(4,5)P2 sensor, PLCd1-PH-GFP was
expressed with mRFP-conjugated cytoplasmic, PM- or
ER- targeted PI-PLC in HEK293-AT1 cells. Scale bars,
10 mm.
(B) HEK293-AT1 cells were transfected with the various
forms of PI-PLC and labeled withmyo-[3H]inositol for 24 hr
as described in Experimental Procedures. Labeled lipids
were extracted from the cell pellets, separated by TLC,
and quantified by densitometry of exposed films to
measure total myo-[3H]inositol-labeled PtdIns(4,5)P2
levels. Error bars indicate SEM (from four independent
experiments, each performed in duplicates).
(C) PLCd1-PH-GFP was expressed together with mRFP
only or cytoplasmic-, PM-, or ER-targeted PI-PLC in
HEK293-AT1 cells. After 24 hr, cells were analyzed by
confocal microscopy and time-lapse images were re-
corded after AngII stimulation. The average responses of
the cytoplasmic fluorescence intensity of 80–100 cells
(mean ± SEM) are shown. After normalization to presti-
mulatory levels, these intensity increases were plotted
downward to better conceptualize that they reflect the
PtdIns(4,5)P2 decreases in the membrane. Note the PH
domain was only partially relocalized to the membrane in
cells expressing ER-PI-PLC.
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A Phosphatidylinositol-Synthesizing Organelleplatforms to the target membranes would be a simple ‘‘fusion’’
event, but we were unable to detect fusions with the PM or other
organelles, although such fusions likely occur with the ER. We
also ruled out by photoactivation experiments that the PIS-posi-
tive membranes would simple be ER-derived transport vesicles
directed to the Golgi. While these experiments did not rule out
that PtdIns is distributed by simple vesicular transport, it is
equally possible that lipid transfer proteins such as the PITPs
participate in lipid exchange during the brief contacts between
the PIS organelle and other membranes. We have not yet been
able to identify the PITP(s) that would serve in that capacity.
Since CDP-DAG synthesis is mostly confined to the ER proper,
the PIS-positive organellesmust also return to the ER to resupply
the PIS enzyme with its substrate and the multiple contacts and
likely fusion events observed between the tubular ER and the PIS
organelle could provide the basis for such an exchange.
The PtdIns-specific PI-PLC also allowed us to selectively
deplete PtdIns in the PM and the ER after targeting the enzyme
to these membranes. Both of these manipulations depleted the
small cytoplasmic DAG-positive particles and also decreased
the size of myo-[3H]-labeled PtdIns4P pools and eliminated the
localization of PtdIns4P- and PtdIns3P-recognizing proteinDevelopmental Cell 21, 813–modules. These results suggested that PtdIns
equilibrates between membranes during the
prolonged times (16–24 hr) of transfection.
However, there was a significant difference
between the effects of ER- or PM-targeted
PI-PLC on PtdIns(4,5)P2. Not surprisingly,
PtdIns(4,5)P2 was largely depleted when PtdIns
was consumed at the PM. However, somewhat
unexpectedly, PtdIns depletion via the ER only
moderately decreased PM PtdIns(4,5)P2 underunstimulated conditions. This result suggested that a significant
fraction of PtdIns in the ER PtdIns pools is not directed toward
the PM and that PM PtdIns were likely originated directly from
the PIS organelle. In this context, it is important to note that
during PIS knockdown there was a parallel decrease in PtdIns,
PtdIns4P, and PtdIns(4,5)P2, indicating that, once PtdIns
synthesis is intercepted at the source, it will equally affect all
phosphoinositide pools.
There are several open questions that remain to be answered
in future studies. How is the generation of the PIS organelle
regulated and how does the cells sense the PtdIns status of
its membranes? Our preliminary studies showed no obvious
change in PIS distribution after agonist stimulation when PtdIns
resynthesis is increased, or after loading cells with DAG analogs.
It is most likely that we need a thorough quantitative analysis of
the statistical behavior of these organelles. The frequency and
resident times of contacts probably hold the key to answer these
questions, but clearly more studies are needed to fully explore
every dimension of these processes.
In summary, the present studies introduced several ap-
proaches to determine the localization of PtdIns in living cells
and tomanipulate PtdIns levels in distinct cellular compartments.824, November 15, 2011 ª2011 Elsevier Inc. 821
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A Phosphatidylinositol-Synthesizing OrganelleOur results revealed that a significant part of PtdIns synthesis is
associated with a dynamic ER-derived structure that is capable
of making multiple contacts with a variety of organelles and is
highly suitable to supply PtdIns lipids to the differentmembranes.
We propose a separate name of PIPEROsome (PI Producing
ER-derived Organelle) to designate this structure if it stands the
scrutiny of further studies. These findings open new research
directions to understand how cells generate and maintain their
membrane lipid compositions and to explore the exactmolecular
events that take place during the contacts between these organ-
elles and their target membranes.EXPERIMENTAL PROCEDURES
The list of materials and information on the DNA constructs can be found in
the Supplemental Experimental Procedures.
Transfection of Cells for Microscopy
COS-7 cells or HEK293-AT1 cells (a HEK293 cell line stably expressing the
rat AT1a angiotensin receptor) were used. Cells (50,000 cells/well) were plated
onto 25-mm-diameter circular glass coverslips in 6-well plates and plasmid
DNAs (0.1–1 mg/well) were transfected using the Lipofectamine2000 re-
agent (Invitrogen) and OPTI-MEM (Invitrogen) following the manufacturer’s
instructions.
Live-Cell Imaging
After 20–24 hr of transfection, cells were washed on the glass coverslips with
a modified Krebs-Ringer solution, containing 120 mM NaCl, 4.7 mM KCl,
1.2 mM CaCl2, 0.7 mM MgSO4, 10 mM glucose, 10 mM Na-HEPES (pH 7.4),
and the coverslip was placed into a metal chamber (Atto, Invitrogen) that
was mounted on a heated stage (35C, or room temperature for HEK293-
AT1 cells). Cells were incubated in 1 ml of the Krebs-Ringer buffer and the
stimuli were dissolved and added in 200 ml warm buffer removed from the cells.
Cells were examined in invertedmicroscopes. Confocal images were obtained
with a Zeiss LSM510-META laser confocalmicroscope (Carl ZeissMicroImag-
ing, Inc.) using a 633 oil-immersion objective equipped with an objective
heater (Bioptech). Total internal reflection fluorescent microscopy (TIRF) anal-
ysis was performed at 35C in an Olympus dual launch TIRF microscope
system equipped with a Photometrics Cascade II camera and a PlanApo
603/1.45 objective.
Measurements of Receptor-Stimulated PtdIns(4,5)P2 Kinetics Using
PLCd1 PH Domain Translocation
HEK293-AT1 cells were transfected with the PLCd1-PH-GFP construct
together with cytoplasmic-, PM-, or ER-PI-PLC constructs. After 24 hr, cells
were imaged in a Zeiss LSM 510-META confocal microscope at room temper-
ature. After stimulation with 100 nM AngII, the translocation of the GFP-probe
was monitored in time-lapse imaging. The translocation of the construct
from the membrane to the cytosol was quantified by measuring cytosolic
GFP intensity in ROIs outside the nucleus and plotted against time using
the Zeiss image processing software. Intensity curves were normalized to
prestimulatory values and they were averaged from a large number of cells
in recordings obtained in several dishes in multiple independent experiments.
Analysis ofmyo-[3H]Inositol- or [32P]Phosphate-Labeled Lipids
HEK293-AT1 cells plated on 12-well plates were labeled withmyo-[3H]inositol
(20 mCi/ml) in 1 ml of inositol-free DMEM supplemented with 2% dialyzed FBS
for 24 hr or with 2 mCi/ml o-[32P]phosphate for 3 hr in phosphate-free DMEM
supplemented with 2% dialyzed FBS. The labeling was terminated by the
addition of ice-cold perchloric acid (5% final concentration), and cells were
kept on ice for 30 min. After scraping and freezing/thawing, the cells were
centrifuged and the cell pellet was processed to extract the phosphoinositides
by an acidic chloroform/methanol extraction followed by thin-layer chroma-
tography (TLC) essentially as described previously (Nakanishi et al., 1995).822 Developmental Cell 21, 813–824, November 15, 2011 ª2011 ElsRNA Interference
The target sequence for PIS siRNA was 50-TCCGGTGCTTCGGATCTACTA-30
and the oligonucleotide duplexes were obtained from QIAGEN. Cells were
cultured in either 6-well dishes (for confocal microscopy) or 12-well plates
(for metabolic labeling studies) and treated with 100 nM siRNA using the oligo-
fectamine reagent, twice in consecutive days, and they were analyzed after
3 days incubation of siRNA.Density Gradient Centrifugation
COS-7 cells were grown on 10 cmculture dishes and transfectedwith PIS-GFP
or PIS-HA (1 mg plasmid DNA /plate). Cells were harvested 24 hr later by
scraping into ice-cold 2.0 ml lysis medium (0.25 M sucrose, 10 mM Tris/HCl
[pH 7.4], 1 mM EDTA, 10 mg/ml Aprotinin, 10 mg/ml Leupeptin, 1 mM AEBSF).
Cells were passed through 25 gauge needles 15 times and the membranes
centrifuged at 2,000 3 g for 5 min. The supernatant was then layered on top
of a 10 ml linear OPTIPREP gradient made by a gradient maker using 10%
and25%OPTIPREPdiluted from60%OPTIPREP (Sigma)with 0.25Msucrose,
60mMTris/HCl (pH 7.4), 6mMEDTA. After centrifugation (17 hr, 200,0003 g in
an SW40 Ti rotor), the gradients were fractionated from the top into 0.5 ml frac-
tions and an aliquot was used freshly to measure PIS activity. Proteins were
precipitated by TCA and separated by PAGE. Western blotting was performed
with antibodies against proteins representing the various organelles.PtdIns Synthase Assay
The PIS clone obtained in the pSport6 mammalian expression vector (Open
Biosystem) or the PIS-GFP construct (see above) were transfected into
COS-7 cells using Lipofectamine 2000. After 1 day of transfection, cells in
6-well dishes were washed and scraped into 0.2 ml of 50 mM Tris-HCl
(pH 8.0) and 0.1 mM EGTA and ruptured by freezing and thawing three times.
The crude membranes were centrifuged in a benchtop centrifuge at
13,000 rpm for 10 min. For the gradient separated membranes, 100 ml of the
0.5 ml fractions was used. The assay was performed essentially as described
by Carman and Fischl (Carman and Fischl, 1992). Briefly, the reaction mixture
contained 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 20 mMMgCl2, 0.15% Triton
X-100, 2 mM MnCl2, 5 mCi myo-[
3H]inositol, 0.05 mM myo-inositol, 0.2 mM
CDP-DAG (Avanti Polar lipids), and an aliquot of the crude membrane, all in
a total volume of 0.1 ml. For the gradient samples the reaction volume was
increased to 2-fold. After 30 min incubation at 37C, the reaction was stopped
by adding of 0.35 ml of acidic methanol (0.1 N HCl), followed by 0.5 ml of
chloroform and 0.5 ml of 1 M MgCl2. After vortexing, two phases were sepa-
rated by centrifugation at 2000 rpm for 5 min. The lower phase containing
the chloroform fraction was transferred to scintillation vials, dried, and counted
for radioactivity to determine the incorporation ofmyo-[3H]inositol into PtdIns.SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, Supplemental Experimental
Procedures, one table, and eight movies and can be found online at
doi:10.1016/j.devcel.2011.09.005.ACKNOWLEDGMENTS
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